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Recruitment of New Sites of Synaptic Transmission
During the cAMP-Dependent Late Phase of LTP
at CA3±CA1 Synapses in the Hippocampus
Vadim Y. Bolshakov,* Hava Golan,* Eric R. Kandel, ease with which E-LTP is induced (Blitzer et al., 1995;
Thomas et al., 1996).and Steven A. Siegelbaum²
E-LTP and L-LTP can also be distinguished by theirCenter for Neurobiology and Behavior
time courses of induction and expression. Induction ofDepartments of Pharmacology, Physiology,
E-LTP requires only a single tetanic stimulus (usually aand Biochemistry and Biophysics
1 s train of stimuli at 100 Hz) and normally persists forHoward Hughes Medical Institute
only 1±2 hr. In contrast, L-LTP requires repeated tetaniCollege of Physicians and Surgeons
(e.g., four trains of action potentials) and lasts for up toColumbia University
10 hr in isolated hippocampal slices (Huang and Kandel,New York, New York 10032
1994). In contrast to E-LTP, which is maximally ex-
pressed immediately after its induction, L-LTP develops
with a lag, often requiring 1±2 hr for maximal expression.Summary
Although there has been intense study of the synaptic
mechanism and site of expression of E-LTP (reviewedLong-term potentiation at CA3±CA1 hippocampal syn-
by Kullmann and Siegelbaum, 1995; Larkman and Jack,apses exhibits an early phase and a late phase, which
1995; Nicoll and Malenka, 1995), little is known aboutcan be distinguished by their underlying molecular
the synaptic locus of L-LTP.mechanisms. Unlike the early phase, the late phase
Previous studies of E-LTP at synapses between CA3is dependent on both cAMP and protein synthesis.
and CA1 pyramidal neurons have reported either a pre-Quantal analysis of unitary synaptic transmission be-
synaptic enhancement of transmitter release (Bekkerstween a single presynaptic CA3 neuron and a single
and Stevens, 1990; Malinow and Tsien, 1990; Malgarolipostsynaptic CA1 neuron suggests that, under certain
and Tsien, 1992), an increase in postsynaptic respon-conditions, the early phase of LTP involves an increase
siveness to transmitter (Foster and McNaughton, 1991;in the probability of release of a single quantum of
Manabe et al., 1992; Isaac et al., 1996; Oliet et al., 1996),transmitter from a single presynaptic release site, with
or both (Malinow, 1991; Kullmann and Nicoll, 1992; Lark-no change in the number of quanta that are released
man et al., 1992; Liao et al., 1992). Some of the discrep-or in postsynaptic sensitivity to transmitter. Here, we
ancies among these studies may result from the use ofshow that the cAMP-induced late phase of LTP in-
extracellular field stimulation of the Schaffer collateralvolves an increase in the number of quanta released
input pathway, which recruits an unknown number ofin response to a single presynaptic action potential,
presynaptic inputs with uncertain reliability. To over-
possibly due to an increase in the number of sites of
come such problems, we compare E-LTP and L-LTP at
synaptic transmission between a single CA3 and a
the elementary level of unitary synaptic transmission
single CA1 neuron.
between a single presynaptic CA3 neuron and a single
postsynaptic CA1 neuron. Suchunitary synapses can be
Introduction surprisingly simple (Bolshakov and Siegelbaum, 1995;
Stevens and Wang, 1995). A single CA3 neuron appears
Long-term potentiation is an activity-dependent en- to make only a single synaptic connection with a post-
hancement of synaptic transmission that is thought to synaptic CA1 neuron. At this connection, synaptic trans-
function as a cellular mechanism for learning and mem- mission is all or none: a presynaptic action potential
ory (Bliss and Collingridge, 1993; Barnes, 1995; Mayford either fails to release transmitter (failure) or succeeds in
et al., 1995). Similar to the stages of memory storage, releasing only a single quantum.
LTP has both an early phase (E-LTP), which does not Using unitary synaptic recordings, Stevens and Wang
depend on new protein synthesis, and a late phase (1994) and we (Bolshakov and Sieglbaum, 1995) re-
(L-LTP), which requires both translation (Frey et al., ported that E-LTP involves an increase in the probability
1988) and transcription (Nguyen et al., 1994). The late of transmitter release, with no change in the maximal
phase of LTP is also critically dependent on cAMP and number of quanta of transmitter released per action
activation of cAMP-dependent protein kinase (PKA), potential or in the amplitude of the postsynaptic re-
whereas the early phase of LTP is not (reviewed by sponse to a quantum of transmitter (quantal amplitude,
Huang et al., 1996a). Thus, L-LTP is induced by mem- q; but cf. Isaac et al., 1996; Stricker et al., 1996). These
brane permeant analogs of cAMP (Frey et al., 1993; findings prompted us to ask: what are the synaptic
Pockett et al., 1993) and blocked by inhibitors of PKA mechanisms for the cAMP-dependent late phase of
(Matthies and Reymann, 1993; Frey et al, 1993; Impey LTP? Do they also involve a decrease in synaptic failures
et al., 1996), agents which fail to inhibit E-LTP. In geneti- and an increase in release probability? Or does the late
cally engineered mice with defects in PKA, L-LTP is phase require a coordinated program in which both pre-
lacking, whereas E-LTP remains intact (Qi et al., 1996; and postsynaptic changes are recruited?
Abel et al., 1997). Although the induction of E-LTP does
not require cAMP, this messenger does modulate the Results
To determine the synaptic locus of L-LTP, we have re-*These authors contributed equally to this work.
²To whom correspondence should be addressed. corded unitary synaptic transmission between pairs of
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Figure 1. Sp-cAMPS-Induced L-LTP
(A) The effect of Sp-cAMPS on field poten-
tials. Superimposed recordings of field po-
tential EPSPs (fEPSPs) before and 2 hr after
Sp-cAMPS application in the absence (left)
or presence (right) of anisomycin.
(B) Averaged data illustrating the effect on
field potentials (measured as initial slope)
when Sp-cAMPS (50 mM) is applied in the
absence (closed circles) or presence (open
circles) of anisomycin (20 mM). Bars indicate
periods of application of compounds. Error
bars, SEM; n 5 9 for each group.
(C) Rp-cAMPS blocks the action of Sp-
cAMPS. Open circles, Sp-cAMPS applied in
the presence of Rp-cAMPS (100 mM); closed
circles, Rp-cAMPS applied 2 hr following ap-
plication of Sp-cAMPS; n 5 7 for each group.
(D) Paired pulse facilitation (PPF) of com-
pound EPSCsunder basal conditions (circles)
and after induction of L-LTP with Sp-cAMPS
(squares). Ca21 elevation to 5.0 mM under
basal conditions occludes PPF (triangles).
Two stimulating pulses were separated by
a variable interval. Response to the second
pulse was normalized by response to the first
pulse. Numbers of experiments are given next
to each time point. Twenty events at each
time interval were averaged.
CA3 and CA1 neurons in hippocampal slices z2±4 hr is required in the interpretation of results using pharma-
cological agents, several lines of evidence suggest thatafter induction of L-LTP. In these experiments, L-LTP
was induced by exposing slices for 15 min to Sp-cAMPS Sp-cAMPS-induced L-LTP is indeed closely related to
electrically induced L-LTP (see Discussion).(50 mM), a membrane permeable analog of cAMP (Frey
et al., 1993). We have used Sp-cAMPS to induce L-LTP, We first tested the ability of Sp-cAMPS to induce
potentiation under the conditions of our experimentsrather than electrical stimulation, for two reasons. First,
bath application of Sp-cAMPS has the important advan- (using thin submerged slices from 2- to 4-week-old rats
maintained at room temperature), which differed slightlytage in that it should, in principle, cause potentiation at
all synapses. In contrast, electrical stimulation is likely from previous experiments (using thicker slices in an
interface chamber at 378C; e.g., Frey et al., 1993). Asto potentiate only a fraction of the synapses. Induction
of LTP at all synapses is particularly important for stud- shown in Figure 1, a brief exposure toSp-cAMPS causes
a persistent enhancement of synaptic transmission asies of L-LTP, which can require 1±2 hr to develop fully.
This is considerably longer than the duration of our typi- measured by the extracellular field EPSP from stratum
radiatum. This enhancement is blocked when the slicescal whole-cell recordings, necessitating a comparison
between populations of slices in which L-LTP is or is are pretreated with either anisomycin, an inhibitor of
protein synthesis (Figures 1A and 1B), or Rp-cAMPSnot induced. Second, cAMP application selectively in-
duces L-LTP, whereas electrical stimulation also re- (Figure 1C), a competitive cAMP antagonist (Van Haas-
tert et al., 1984). The enhancement represents a persis-cruits E-LTP (Frey et al., 1993). Although some caution
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Figure 2. Comparison of the Effects of E-LTP
and L-LTP on EPSC Amplitude Histograms
Obtained from Unitary Synapses
(A) Example of an EPSC histogram under
basal conditions.
(B) After inducing E-LTP (same cell as in [A]).
The smooth curves show fits with two
Gaussian functions.
(C) Comparison of basal and E-LTP EPSChis-
tograms using density estimate plots.
(D) EPSC histogram from a slice that had been
pretreated with Sp-cAMPS. Four Gaussian
functions were used to fit the histogram over
a range of 4 to 212 pA.
(E) EPSC histogram from experiment in which
Sp-cAMPS was applied in the presence of
anisomycin. Two Gaussian functions are fit
to the data.
(F) Density estimate comparison of two EPSC
amplitude histograms shown in (D) and (E).
tent induction effect of the brief Sp-cAMPS treatment prominent peaks, one near 0 pA (failures) and one that
lies between 23 and 25 pA (successes). We find thatand is not due to the prolonged presence of Sp-cAMPS
within the slice, because Rp-cAMPS does not block the two peaks are usually well approximated by the sum
of two Gaussian functions (see below). When E-LTP isL-LTP when applied 2 hr after the initial exposure to
Sp-cAMPS. induced at these unitary synapses by pairing postsynap-
tic depolarization with presynaptic stimulation, there is
a pronounced decrease in the fraction of failures withEarly LTP Is Associated with an Increase
in the Probability of Release no change in the mean size of the successes or their
distribution (Figures 2B and 2C; Stevens and Wang,at a Single Synapse
We next compare the properties of unitary synaptic 1994; Bolshakov and Siegelbaum, 1995).
These data indicate that a CA3 neuron usually makestransmission under three conditions: (1) basal synaptic
transmission (no treatment), (2) after induction of E-LTP, only a single synaptic contact onto a CA1 neuron. This
contact releases a single quantum of transmitter in anand (3) after induction of L-LTP by Sp-cAMPS. We first
examine the properties of unitary synaptic transmission all-or-none manner in response to a presynaptic action
potential. Under the conditions of our experiments,under basal conditionsand following induction of E-LTP.
Unitary EPSCs were recorded from a CA1 pyramidal E-LTP involves a selective enhancement of the probabil-
ity of release at this synapse, with no change in quantalneuron in response to stimulation of a presynaptic CA3
neuron using a focal current pulse from an extracellular amplitude or increase in the maximal number of quanta
released per action potential.patch pipette pressed against the CA3 cell body, a
method which recruits only a single CA3 cell (see Experi-
mental Procedures; Bolshakov and Siegelbaum, 1995). There Is a Decrease in Failure Rate and an Increase
in Quantal Content during L-LTPAs previously reported under basal conditions, unitary
CA3±CA1 synaptic transmission shows two distinctive We next examined the changes in synaptic function
upon inductionof L-LTP with Sp-cAMPS. Amplitude his-features (Bolshakov and Siegelbaum, 1995; Stevens and
Wang, 1995). First, a large fraction of the presynaptic tograms of EPSCs from slices that had been exposed
to Sp-cAMPS reveal two striking differences with basalstimuli (.50%) fail to evoke an EPSC in the postsynaptic
cell (Figures 2A, 3A, and 3E). Second, the amplitude EPSC histograms (Figures 2D, 3A, and 3B). First, the
fraction of failures is generally quite small, well belowhistogram of the evoked responses exhibits only two
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Figure 3. Summary of Effects of L-LTP on
EPSC Amplitude Histograms
(A±C) Density estimate plots comparing six
representative experiments underbasal (con-
trol) conditions (A) and after exposure to Sp-
cAMPS in the absence (B) or presence (C) of
anisomycin.
(D) Summary box plots for EPSC data under
each condition showing quantal amplitude,
q, and potency, p (mean of the successes).
The line within the boxes marks the median
and the box boundaries indicate the twenty-
fifth and seventy-fifth percentiles. The bars
denote the tenth and ninetieth percentiles.
Mean values for q in basal (control) slices (n 5
17), slices treated with Sp-cAMPS (n 5 15),
and slices treated with Sp-cAMPS plus aniso-
mycin (n 5 6) were (in pA): 23.8 6 0.8, 24.0 6
0.7, and 23.8 6 0.3, respectively (no signifi-
cant difference). Mean values for p in the
same three conditions were (in pA): 4.0 6 0.8,
6.2 6 2.2, and 4.7 6 1.0. p was significantly
larger after Sp-cAMPS compared to control
(t 5 4.31; p , 0.001).
(E) Box plots for fraction of failures, f, and
coefficient of variation (CV) of EPSC suc-
cesses. Mean values for f in control, Sp-
cAMPS and Sp-cAMPS plus anisomycin were
0.59 6 0.14, 0.17 6 0.05, and 0.59 6 0.07,
respectively. f was significantly lower after
treatment with Sp-cAMPS compared to con-
trol (t 5 1.14; p , 0.0001). Mean values for
CV of EPSCsuccesses in the same three con-
ditions were 31.5 6 5.2%, 46.5 6 14.7%, and
28.4 6 5.5%. CV was significantly greater in
Sp-cAMPS than in control (t 5 3.96; p ,
0.001).
(F) Numberof Gaussian components required
to fit successes. Each symbol represents a
separate experiment.Data are shownfor con-
trol conditions (group on the left; n 5 17),
after pretreatment with Sp-cAMPS (middle
group; n 5 15), and Sp-cAMPS plus aniso-
mycin (group on the right; n 5 6).
(G) Mean fractional area under each Gaussian
component fit to successes. Error bars, SD.
50% (Figure 3E), similar to E-LTP. However, unlike 4, and 7). These effects of Sp-cAMPS onunitary synaptic
properties are largely blocked when the slices are pre-E-LTP, there is also a marked increase in the mean size
of the successful EPSC responses (termed potency by treated with the protein synthesis inhibitor anisomycin
(Figures 2E, 2F, and 3C±3G).Stevens and Wang, 1994). This is accompanied by a
broadening of the distribution of EPSC successes, as According to the classical quantal analysis of del Cas-
tillo and Katz at the neuromuscular junction (1954; seeindicated by an increase in their coefficient of variation
(CV, standard deviation [SD]/mean; Figure 3E). The en- also Redman, 1990), the multiple peaks in the EPSC
histogram that appear during L-LTP reflect the releasehanced potency could either be due to an increase in
the postsynaptic response to a single quantum of trans- of multiple quanta of transmitter. The first Gaussian
component (to the right of the failures peak) fit to themitter (enhanced quantal amplitude, q) or to an increase
in the number of quanta that comprise a successful successes reflects the postsynaptic response toa single
quantum of transmitter. Each successive GaussianpeakEPSC. Inspection of the individual EPSC amplitude his-
tograms supports the latter possibility. represents the postsynaptic response to the simultane-
ous release of an increasing number of quanta. BasedIn contrast to both basal conditions and during E-LTP,
the EPSC amplitude histograms during L-LTP often on the results at the neuromuscular junction, these suc-
cessive peaks are expected to occur at integral multi-show a distinct shoulder of large events, and the suc-
cesses usually require more than one Gaussian compo- ples of the first peak.
To determine the minimum number of Gaussian com-nent for an adequate fit (Figures 2D, 3F, and 3G). In a
number of instances, the distribution of EPSC suc- ponents, n, required to fit the EPSC amplitude distri-
butions, we used the quantitative, statistical methodcesses clearly exhibits multiple peaks (e.g., Figures 2D,
Quantal Analysis of Late LTP at CA3±CA1 Synapses
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Figure 4. Maximum Likelihood Fit of EPSC Histogram Using Monte Carlo Simulations for Evaluating Significance
Data shown for a slice treated with Sp-cAMPS.
(A±C) Best fits of EPSC successes with two (A), three (B), or four (C) Gaussian components (an additional Gaussian component is used to fit
the peak at 0 pA, corresponding to the failures).
(D) Best fit of successes using cubic transform of Gaussian distribution (see Experimental Procedures).
(E±H) Pair-wise comparisons of various null (H0) and test (H1) distributions using Monte Carlo simulations. (E) shows two (H0) versus three
(H1) Gaussian components; (F) shows three versus four Gaussians; (G) shows four versus five Gaussians; (H) shows cubic transform of
Gaussian distribution (H0) versus four Gaussian components (H1). Closed circle shows the log-likelihood ratio, 22[L(H0) 2 L(H1)]exp, for each
pair of H0 and H1 distributions to fit experimental data. The continuous curve plots cumulative histograms for 22[L(H0) 2 L(H1)]i values,
obtained from fits of H0 and H1 to 100 simulated distributions generated from the H0 distribution by Monte Carlo sampling (see Experimental
Procedures). Four Gaussian components provide a better fit than one, two, or three Gaussian components or a cubic Gaussian at a confidence
level of a , 0.01. Five Gaussian components (H1) provide a slightly greater L value compared to four components (H0) but at a level of a ,
0.62 (G).
(Stricker and Redman, 1994; Stricker et al., 1994) shown ratios of 1:2:3:4 predicted by thequantal hypothesis. The
protein synthesis inhibitor anisomycin largely preventedin Figure 4. This approach relies on a maximum like-
lihood criteria to evaluate the goodness of fit to the the increase in the number of Gaussian components
observed with Sp-cAMPS. Thus, three out of six distribu-EPSC amplitude histogram of distributions composed
of the sum of n Gaussian components. The number of tions under these conditions are adequately fit by a
single Gaussian component, and only one synapse re-Gaussian components fit to the successes is incremen-
tally increased until the improvement in the fit (increase quired more than two Gaussian components (Figures
3F and 3G).in likelihood) between n and n 1 1 Gaussian components
is not statisticallysignificant (a . 0.05), as judged using a These results are consistent with the view that L-LTP
involves an increase in the maximal number of quantaMonte Carlo simulation (see Experimental Procedures).
In control conditions, the distribution of EPSC suc- released per action potential. Since the mean amplitude
of events that fall under the first peak of successes incesses for 12 out of the 17 unitary synapses (70%) re-
quired only a single Gaussian component for an ade- the EPSC amplitude histogram does not change during
L-LTP (Figure 3D), we conclude that the quantal ampli-quate fit, consistent with the release of at most a single
quantum per action potential (Figure 3F). The five re- tude is not altered, indicating that the postsynaptic sen-
sitivity to transmitter remains unchanged.maining synapses (30%) required a second Gaussian
component (Figure 3G). Following induction of L-LTP,
the EPSC success distributions typically require two or Multiquantal EPSCs during L-LTP Are Not
Due to Stimulation of Multiple Inputsmore Gaussian components (Figures 3F and 3G). Only
one out of 15 EPSC distributions (,10%) during L-LTP A simple explanation for the increase in the number of
quanta released is that the Sp-cAMPS treatment leadswas adequately fit by a single Gaussian component,
whereas nine of the distributions (60%) required three to an increase in CA3 cell excitability, causing us to
routinely activatemultiple presynapticCA3 neurons withor four Gaussian components. The amplitudes of the
second, third, and fourth Gaussian components of the our focal stimulation. However, we observed no change
in the fiber volley measured by the extracellular fieldsuccesses normalized by the amplitude of the first
Gaussian component lie at 1.89 6 0.06 (n 5 15), 2.91 6 potential recordings (Figure 1A; basal, 0.25 6 0.03 mV
versus Sp-cAMPs, 0.26 6 0.04 mV; n 5 5, p . 0.2), a0.08 (n 5 11), and 4.15 6 0.15 (n 5 4), close to the integral
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Figure 5. Evidence That Focal Stimulation Recruits Only a Single Presynaptic Input during L-LTP
(A and B) Examples of intensity threshold tests from two separate recordings from slices pretreated with Sp-cAMPS. (A1) and (B1) plot mean
EPSCs as a function of stimulating current intensity (12±20 individual EPSCs were averaged). Note the sharp threshold at which the EPSC is
evoked for both cases, indicating stimulation of a single presynaptic input. (A2) and (B2) show EPSC amplitude histograms associated with
these two experiments. Histograms show low failure rate and broad success distribution fit by multiple Gaussian components, typical of
L-LTP data. Fewer events were collected for histograms in these experiments than normal (owing to the fact that the extended threshold
intensity test was also applied), so the Gaussian fits are less well defined.
(C) Second test for single input stimulation using rise time of EPSCs.
(C1) Individual examples of a small, intermediate, and large EPSC from the same synaptic connection are superimposed.
(C2) The three EPSCs have been scaled by their peak amplitudes. Note the similar rise time of the three events.
measure of the number of presynaptic fibers recruited account for the changes in the EPSC histogram. The first
two mechanisms both postulate that the EPSC duringby the field stimulus, arguing against an increase in
presynaptic excitability. Moreover, a test for whether L-LTP is due to the release of only a single quantum
of transmitter. However, changes in the postsynapticthe focal stimulation recruits unitary synapses using
stimulating currents of incremental intensities (Raastad receptor properties during L-LTP lead to the observed
changes in the EPSC distribution. The third mechanismet al., 1992) also argues against the recruitment of multi-
ple presynaptic cells. Thus, we find that both for control postulates a switch from uniquantal to multiquantal re-
lease during L-LTP, but through the postsynaptic re-slices and following Sp-cAMPS treatment, EPSCs are
evoked with a relatively sharp, all-or-none threshold of cruitment of silent synapses (Kullman, 1994; Isaac et al,
1995; Liao et al., 1995).stimulating current intensity. Once threshold is reached,
the mean EPSC amplitude does not change, even with According to the first postsynaptic mechanism, some
change in receptor properties would give rise to largea twofold increase in current stimulus intensity (n 5 5
for L-LTP), consistent with recruitment of only a single EPSCs with variable amplitude, resulting in a unimodal
but positively skewed distribution of successes duringpresynaptic input (Figures 5A and 5B). Moreover, if the
large EPSCs were due to recruitment of multiple presyn- L-LTP. The multiple Gaussian components and multiple
peaks sometimes observed would be artifacts resultingaptic neurons, we would expect that small differences
in firing latency, conduction, release properties, and from the sampling of a limited number of events. Previ-
ous studies have, in fact, observed that hippocampalelectrotonic distance of synaptic inputs among the dif-
ferent neurons would lead to a broadening of the rising quantal responses are positively skewed (Bekkers et al.,
1990; Liu and Tsien, 1995). This may occur becausephase of the EPSC. However, we find that the rise time
of the large EPSCs is identical to that of the small EPSCs synaptic vesicle diameters have a Gaussiandistribution,
causing the distribution of vesicle volumes, and henceat a given synaptic connection (Figure 5C).
transmitter content and synaptic response, to vary as
the third power of a Gaussian function (Bekkers et al.,The Apparent Increase in Quantal Content
Is Not Due to Changes in the Properties 1990). In our recordings, however, the majority of EPSC
success distributions, either under control conditionsof Postsynaptic Receptors
Three alternative mechanisms that invoke a purely post- (12 out of 17) or following Sp-cAMPS (12 out of 15), are
better fit by one or more Gaussian functions than bysynaptic change during L-LTP can also, in principle,
Quantal Analysis of Late LTP at CA3±CA1 Synapses
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Figure 6. Spectral Analysis Method for Eval-
uating Multiquantal EPSCs
(A) Cumulative EPSC amplitude distribution
for EPSC data shown in Figure 4 (noisy trace).
The number of EPSCs with amplitudes less
than the value on the x-axis is plotted. Total
number of events 5 473. A tenth order poly-
nomial provided a unimodal, continuous ap-
proximation of the data (smooth curve). We
excluded failures in the fitting as well as the
extreme high end of the EPSCs (amounting
to 0.025 of the data at both high and low ends
of the distribution).
(B) Top traces show the probability density
function (PDF) for experimental data (multi-
peaked curve) and the derivative of the poly-
nomial curve shown in (A) (unimodal curve).
Bottom trace shows the difference between
the experimental and polynomial PDFs, illus-
trating the presence of approximately equally
spaced peaks, with spacing around 24 pA.
(C) Spectral density plots obtained using a
fast Fourier transform of the PDF difference
curve shown in (B). Spectral density is plotted
as a function of frequency (1/current). Smax
is peak spectral density, which occurs at a
frequency equal to 1/q, where q is spacing
between peaks and equals 23.96 pA. A multi-
Gaussian fit to the same distribution yields a
similar value for q of 24.15 pA.
(D) Distribution of Smax values for 100 simu-
lated PDFs obtained by random sampling of
473 events from the unimodal polynomial
PDF shown in (A). Smax for the experimental
data (indicated on the plot) was greater than
those from all 100 simulations, yielding a sig-
nificance of p , 0.01.
(E) Summary of spectral analysis data for
EPSC histograms under basal conditions
(closed symbols) and after induction of L-LTP
(open symbols). For each experiment, we plot
Smax normalized by total variance of the spec-
tra (y-axis) versus the p value for the null hy-
pothesis that each EPSC distribution is uni-
modal (no multiquantal peaks). The dashed
line shows a significance level of 0.05.
skewed, unimodal distributions (including a gamma dis- single component (16 out of 17 distributions). In con-
trast, during L-LTP the majority of EPSC success distri-tribution, Weibull distribution, or cubic transformed
Gaussian distribution; see Figures 4D and 4H and Exper- butions are indeed composed of multiple peaks at
quantal intervals (8 out of 15 distributions, p , 0.05;imental Procedures; a , 0.05). Nonetheless, the statisti-
cal approach cannot rule out the possibility that some Figure 6E). Moreover, the estimates for quantal ampli-
tude from spectral analysis are very close to those ob-skewed distribution may fit the data better than multiple
Gaussian components. tained from the Gaussian fits.
To explore further whether the EPSC histograms are
indeed composed of multiple quantal components, we Ca21 Elevation Indicates That EPSCs during L-LTP
Reflect Multiquantal Transmitter Releaseused two additional approaches that do not require the
fitting of Gaussian components, spectral analysis and If multiple quanta are releasedfrom independent release
sites during L-LTP, then increasing the probability ofCa21 elevation. The first is spectral analysis (Dityatev et
al., 1994), which evaluates whether an EPSC success release by elevating external Ca21 should increase the
number of quanta released per presynaptic action po-distribution is genuinely composed of multiple peaks of
a constant quantal spacing, q, as opposed to the peaks tential. This should shift the distribution of the EPSC
successes to increase the fraction of events associatedarising from random sampling from a unimodal distribu-
tion (Figure 6; see Experimental Procedures). This ap- with peaks corresponding to the release of multiple
quanta. However, the position of the peaks on the cur-proach shows that the vast majority of EPSC success
distributions under basal conditions are composed of a rent axis should remain unchanged. If the peaks are
Neuron
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Figure 7. Effects of Ca21 Elevation on EPSC Amplitude Histograms
The cartoon at the bottom left shows a potential model for enhanced quantal content during L-LTP due to an increase in the number of
hypothetical clusters of postsynaptic receptors. If each cluster of receptors could switch on and off independently, then release of a single
vesicle could generate EPSCs whose amplitude varies in a quantal manner.
(A and B) EPSC histograms from a slice pretreated with Sp-cAMPS in normal (2.5 mM) and elevated (5.0 mM) Ca21, respectively.
(A) Successes adequately fit with three Gaussian components in normal Ca21.
(B) Four Gaussian components are required for adequate fit in elevated Ca21. Insets illustrate several consecutive EPSCs.
(C) Comparison of density estimate histograms in 2.5 and 5.0 mM Ca21 during L-LTP for four separate experiments. Top traces show the
experiments in panels (A) and (B).
(D) Cumulative histograms of EPSC amplitudes in 2.5 and 5.0 mM Ca21 during L-LTP. For each cell, successes in both 2.5 and 5.0 mM Ca21
were normalized by median successful EPSC amplitude in 2.5 mM Ca21. Error bars, SD.
(E) Same comparison of effect of Ca21 elevation shown for slices under basal conditions (no Sp-cAMPS treatment).
Quantal Analysis of Late LTP at CA3±CA1 Synapses
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Figure 8. Effect of Ca21 Elevation on Averaged EPSC Histograms
Effects under basal conditions ([A] and [B]) and during L-LTP ([B] and [C]). (A) and (C) show averaged histograms in normal (2.5 mM) external
Ca21. (B) and (D) show histograms in elevated (5.0 mM) external Ca21. Four histograms from separate experiments were averaged in all
examples. Before averaging each histogram, the mean value of the Gaussian component fit to the failures peak was subtracted from the
x-axis (current) value associated with each bin. These subtracted values were then normalized by the estimated quantal amplitude (difference
in mean value between Gaussian fit to first success peak and Gaussian fit to failures peak).
artifacts, for example, arising from limited sampling of supporting the view that only a single quantum of trans-
mitter is released.a skewed unimodal distribution, enhancing extracellular
calcium might result in random changes in the distribu- Further evidence that the peaks are indeed genuine
and reflect multiquantal release during L-LTP is seention, possibly shifting both the positions and the distri-
bution of peaks in an unpredictable manner. upon averaging the individual EPSC distributions (Figure
8). If the peaks in the individual EPSC histograms areElevation of external Ca21 during L-LTP both de-
creases the fraction of failures and, importantly, in- due to sampling artifacts, then they should become less
pronounced upon averaging. Under basal conditions,creases the proportion of larger events in the EPSC
success distribution, without altering the position of the the averaged EPSC histograms show only a single peak
of successes (Figures 8A and 8B). Ca21 elevation in-peaks (Figures7A±7C). In some cases, EPSC histograms
that show only a single prominent peak of successes in creases the fraction of successes without altering the
shape of their distribution. In contrast, during L-LTP,normal external Ca21 display multiple peaks in elevated
Ca21 (Figure 7C). The shift in the EPSC success distribu- prominent peaks corresponding to one, two, and three
quanta released simultaneously are indeed evident intion is clearly observed for both individual histograms
(Figures 7A±7C) and in the cumulative EPSC success the averaged EPSC histogram in elevated Ca21 (Figure
8D). The multiquantal peaks are not seen, however, indistribution (Figure 7D). In contrast, under basal condi-
tions, Ca21 elevation only increases the fraction of suc- normal Ca21 (Figure 8C), most likely due to the lower
release probability.cesses, with no change in the success distribution (Fig-
ure 7E; see also Bolshakov and Siegelbaum, 1995), These results also allow us to rule out the second
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postsynaptic mechanism for the multiquantal EPSCs. histograms for the non-NMDAR and NMDAR EPSCs un-
der basal conditions (Figure 9). Following measurementThis mechanism postulates that the quantal fluctuations
in the successful EPSCs during L-LTP reflect fluctua- of the non-NMDA receptor EPSCs, we applied CNQX to
block the non-NMDA receptors and bathed the slicestions in the size of the postsynaptic response to the
release of a single vesicle of transmitter due to the pres- in a Mg21-free solution to allow the NMDA receptors to
conduct. Contrary to the predictions of the silent syn-ence of multiple quantal clusters of postsynaptic recep-
tors (Figure 7, inset; Edwards, 1991). This hypothesis, apse model, the NMDAR EPSCs exhibit a high fraction
of failures, similar to that of the non-NMDAR EPSCs (f 5however, predicts that increasing the probability of re-
lease through Ca21 elevation should only decrease the 0.62 6 0.02, n 5 4, for NMDAR EPSCs versus f 5 0.54 6
0.04 for non-NMDAR EPSCs). Moreover, the amplitudefraction of failures and not alter the shape of the EPSC
success distribution, which is inconsistent with the histogram shows only a single success peak that is well
fit by a single Gaussian function. As Mg21 removal isabove results. Although the effect of Ca21 elevation on
the EPSC success distribution could conceivably bedue likely to increase the probability of transmitter release
and increase electrical excitability, the NMDAR EPSCto a sensitivity of the postsynaptic receptor clusters to
external Ca21, this possibility can be ruled out, since failure rate provides a lower limit to the failures rate
expected in normal extracellular solution.Ca21 elevation does not alter the sizeof the spontaneous
miniature EPSCs (mEPSCs; Figure 10E), a measure of One complication in these studies is that the back-
ground noise level invariably increases in the Mg21-freethe postsynaptic response to the spontaneous release
of a single quantum of transmitter (Fatt and Katz, 1952; solution. (Attempts to study NMDAR EPSCs using post-
synaptic depolarization to relieve Mg21 block met withbut see below).
The fact that Ca21 elevation, which dramatically en- little success due to an even larger increase in back-
ground noise). The increased noise might obscure multi-hances transmitter release, shifts the EPSC amplitude
distribution during late LTP suggests that, at normal ple peaks in the successes and might cause us to miss
small EPSCs, leading us to overestimate the fraction ofCa21 levels, the release probability of the new synapses
must be relatively low. This leads to the prediction that failures. We have used a Monte Carlo simulation to show
that the fraction of failures in Mg21-free solution canpaired pulse facilitation, which results from an increased
probability of transmitter release during the second of be determined to within 10% of its value if the acutal
distribution is identical to the two Gaussian componentsa pair of closely spaced stimuli (Zucker, 1988), should
not beoccluded during the late phase of LTP. Indeed, we fit to the observed NMDAR EPSC distribution.
To further address the possible presence of multiplefind that following Sp-cAMPS treatment, paired pulse
facilitation is unchanged compared to control (Figure NMDAR synaptic sites, we studied the effects of eleva-
tion of external Ca21 on the NMDA component of the1D). This type of result has been interpreted to show
that E-LTP is postsynaptic. Our data, however, show EPSC. As we previously argued for the non-NMDA com-
ponent of the EPSC, if there is only a single functionalthat failure to occlude paired pulse facilitation may sim-
ply indicate that release probability is far from saturating. NMDA receptor-mediated synapse that releases at most
a single quantum of transmitter, then elevation of Ca21
should increase the fraction of successful EPSCs but
Recruitment of Silent Synapses Is Not should not change the mean size of the successes. As
Likely to Underlie L-LTP shown by the cumulative EPSC success distribution of
The third and final postsynaptic mechanism that we Figure 9D, this is indeed what we found. Increasing
consider to explain the multiquantal EPSCs during external Ca21 has no effect on the mean amplitude or
L-LTP is the unmasking of silent synapses (Kullman, shape of the successful NMDAR EPSC distribution, al-
1994; Isaac et al., 1995; Liao et al., 1995). According to though the fraction of failures is reduced from 0.6 to 0.3
the silent synapse hypothesis, a presynaptic cell makes (data not shown).
multiple synaptic contacts with a given postsynaptic The above results show that both non-NMDAR and
cell, but, under basal conditions, most of thepresynaptic NMDAR EPSCs are usually composed of a single quan-
release sites contact postsynaptic membrane that con- tum of transmitter under basal conditions. Thus, the multi-
tains only NMDA-type glutamate receptors (Figure 9, quantal, non-NMDAR EPSCs observed during L-LTP are
inset). The non-NMDA receptors are either not present unlikely to result from the unmasking of silent synapses.
or nonfunctional. At the normal resting potential, such Since our experiments were always performed on cell
synapses would be silent because the NMDA receptors pairs that start out with at least one active non-NMDA
(NMDARs) will be blockedby extracellular Mg21.Recruit- synapse, our results do not rule out the possibility that
ment of non-NMDARs to these silent synapses during silent synapses may exist between cells that contain
L-LTP would enhance the number of functional syn- no active non-NMDA synapses. However, unless our
apses, consistent with our results obtained with Sp- recordings select for atypical cell pairs, the number of
cAMPS treatment. This hypothesis predicts that under silent synapses on such cells is unlikely to be greater
basal conditions, recordings of the NMDAR component than one, and thus their recruitment cannot account for
of unitary EPSCs between a single CA3 and a single the multiple synapses observed during L-LTP.
CA1 neuron should reveal the presence of these multiple
release sites. Accordingly, the NMDAR EPSC amplitude Changes in Miniature EPSC Amplitude during L-LTP
histogram should resemble that of the non-NMDAR Suggest an Increase in the Number of Active
EPSC amplitude histogram during L-LTPÐit should dis- Zones in a Presynaptic Bouton
play a low fraction of failures and multiple peaks. Since the quantal amplitude measured from the evoked
EPSC amplitude histogram does not change after Sp-To test this hypothesis we compared the amplitude
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Figure 9. Comparison of Non-NMDA Receptor and NMDA Receptor EPSC Amplitude Histograms under Basal Conditions
The cartoon at the bottom shows an illustration of a silent synapse model for L-LTP. In basal conditions, one synapse has both NMDA (closed
ovals) and non-NMDA (open ovals) receptors. The other synapse has only NMDA receptors and so is silent at the resting potential (left). After
induction of L-LTP, active non-NMDA receptors are added to the silent synapse, increasing the number of nonsilent sites of synaptic
transmission (right).
(A) Basal non-NMDA receptor EPSC histogram fit by two Gaussian functions. Normal ionic conditions.
(B) NMDA receptor EPSC histogram from the same cell obtained in the presence of CNQX and the absence of Mg21 (external Mg21 was
washed out for 15 min). Data are also adequately fit by two Gaussian components.
(C) Comparisons of non-NMDA (solid line) and NMDA (dotted line) receptor EPSC density estimate histograms for four experiments.
(D) Effect of Ca21 elevation on cumulative distribution of successful NMDA receptor EPSC amplitudes. Responses are normalized by median
EPSC amplitude in 2.5 mM Ca21 (n 5 4).
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cAMPS treatment (Figure 3D), we expected that the successes may be due to multiquantal release resulting
from an increase in the number of functional synapticmEPSC amplitude distribution would also be unchanged.
However, we find that during L-LTP, the mean amplitude sites between a single CA3 neuron and a single CA1
neuron. The finding that during L-LTP, elevation of Ca21of the mEPSCs is enhanced almost twofold relative to
the basal value (Figures 10 and 11; p , 0.004, ANOVA). significantly enhances release suggests that, in normal
Ca21, the probability of release at these new synapsesIn addition, during L-LTP, the mEPSC distribution is
significantly broader than the basal mEPSC distribution may be quite low. A low release probability at newly
formed synapses is consistent with the finding that(with a significant increase in the coefficient of variation,
p , 0.007; Figure 11E). This effect of Sp-cAMPS on paired pulse facilitation, which is due to an increased
probability of release, is not occluded by late LTP. ThismEPSC size is blocked by anisomycin, indicating that,
like L-LTP, the change in the mEPSC amplitude also contrasts with the early phase of LTP, where the initial
functional synapse often shows a high release proba-depends on protein synthesis (Figure 11E).
How can the increase in mEPSC amplitude be recon- bility.
The enhancement of synaptic transmission reportedciled with the lack of change of the evoked EPSC quantal
size? One possible explanation for the increase in by the field EPSP (z50%) was significantly less than
the two- to fourfold enhancement expected from themEPSC size and coefficient of variation that is consis-
tent with the lack of change of the quantal amplitude of decrease in failures rate and increase in potency seen
in the unitary synaptic recordings. This discrepancy maythe evoked EPSC is that some of the larger mEPSCs may
reflect multiquantal, spontaneous release, as previously reflect the fact that field stimulation in stratum radiatum
recruits a mixed population of excitatory and inhibitoryreported for a number of other central and peripheral
synapses (Liley, 1957; Kraszewski and Grantyn, 1992; inputs, whereas the focal stimulation recruits a homoge-
neous population of excitatory inputs from CA3 neurons.Ulrich and Luscher, 1993; Korn et al., 1993, 1994; Jack
et al., 1994). Korn et al. (1993, 1994) have proposed that In addition, there are subtle differences between the
two experimental procedures that may influence the in-such events arise due to the synchronous release of
synaptic vesicles from multiple active zones that are duction of L-LTP (e.g., holding a slice submerged in
a recording chamber for .3 hr in the field potentiallocalized in a single presynaptic bouton, perhaps due
to spontaneous [Ca21]i elevations within the presynaptic recordings versus incubation of slices in a well oxygen-
ated chamber in the unitary EPSC recordings). Despiteterminal (Melamed et al., 1993). Thus, the increase in
mEPSC size could reflect the addition of new release these quantitative differences, Sp-cAMPS was able to
induce a long-lasting potentiation in both protocols thatsites at the original presynaptic bouton, accounting for
both the evokedand thespontaneous release of multiple was antagonized by Rp-cAMPS and was dependent on
protein synthesis.quanta (Figure 10, inset). It should be emphasized that
only a fraction of all release events, both spontaneous
and evoked, are likely to be synchronous.
cAMP-Induced L-LTP Provides a ModelTo explore the possibility that the enhanced mEPSC
for Electrically Induced L-LTPsize associated with L-LTP represents multiquantal
To ensure that L-LTP would be induced at all synapsesspontaneous release, we attempted to desynchronize
in these experiments, we used bath application of Sp-such release by substitution of Sr21 for extracellular
cAMPS rather than electrical stimulation. This raises theCa21, which can desynchronize evoked release (Miledi,
question as to whether the Sp-cAMPS-induced en-1966; Goda and Stevens, 1994). If Sr21 desynchronizes
hancement we observe here is identical to the enhance-spontaneous release from boutons containing multiple
ment of synaptic transmission observed during the laterelease sites, we would predict a decrease in the mean
phase of LTP in response to electrical stimulation. Al-mEPSC amplitude during L-LTP with no change under
though it will be important to investigate this point di-basal conditions. As shown in Figure 11, this prediction
rectly, several lines of evidence strongly suggest thatwas indeed confirmed. Substitution of Sr21 for Ca21 sig-
the two forms of plasticity are closely related. Thus,nificantly reduces the mean mEPSC amplitude in slices
both the Sp-cAMPS potentiation and L-LTP depend onpretreated with Sp-cAMPS (p , 0.004) but has no signifi-
protein synthesis and are sensitive to various cAMPcant effect in control slices (p . 0.05). The mEPSC re-
antagonists (Frey et al., 1993). Mice lacking tissue-typesults are thus consistent with the view that the cAMP-
plasminogen activator (t-PA) through homologous re-dependent late phase of LTP results from an increase
combination show defects in both electrically inducedin the number of sites of synaptic transmission.
L-LTP and Sp-cAMPS potentiation, whereas E-LTP is
not altered (Huang et al., 1996b). Moreover, mice ex-Discussion
pressing a dominant negative regulator of PKA also
show a selective defect in L-LTP and a blockade ofOur results provide novel insights into the synaptic
L-LTP in response to Sp-cAMPS (Abel et al., 1997). Per-mechanisms underlying the late phase of LTP and reveal
haps the strongest evidence for a selective action ofintriguing differences, as well as similarities, with the
cAMP analogs to induce L-LTP is the finding that electri-early phase of LTP. Like E-LTP, the late phase of LTP
cally induced L-LTP occludes the potentiating effect ofinvolves a decrease in the fraction of failures of synaptic
these compounds (Frey et al., 1993; Pockett et al., 1993)transmission. Distinct from the early phase, the late
and the induction of L-LTP with Sp-cAMPS occludesphase also involves an enhancement in the average am-
subsequent electrically induced L-LTP but not E-LTPplitude of the successes (increased potency). Our analy-
sis indicates that this enhancement in the amplitude of (Frey et al., 1993).
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Figure 10. Spontaneous Miniature EPSCs during L-LTP
(A±C) Examples of mEPSC amplitude distributions under basal conditions (A), after treatment with Sp-cAMPS to induce L-LTP (B), and after
treatment with Sp-cAMPS in the presence of anisomycin (C).
(D) Cumulative histogram of mEPSC amplitudes from slices in basal condition and after treatment with Sp-cAMPS. Bars show SEM (n 5 9 in
both cases).
(E) Effect of Ca21 elevation on cumulative mEPSC distribution during L-LTP. mEPSCs were first measured in normal (2.5 mM) Ca21 and then
in elevated (5.0 mM) Ca21. For each cell, mEPSC amplitudes were normalized by median mEPSC value in 2.5 mM Ca21. Distributions plot the
fraction of mEPSCs with amplitudes less than the value given on the x-axis (n 5 4). The bottom panel is an illustration of a potential mechanism
for increased mEPSC size during L-LTP (right synapse) due to formation of multiple release sites (active zones) in a single presynaptic bouton
through growth of perforated synapses.
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Figure 11. Effect of Sr21 on mEPSCs under
Basal Conditions and during L-LTP
(A and C) mEPSC distributions in the pres-
ence of extracellular Ca21 (top graphs) or Sr21
(bottom graphs) under basal conditions ([A],
control) and during L-LTP ([C], Sp-cAMPS).
(B and D) Cumulative mEPSC distributions in
the presence of Ca21 (closed symbols) or Sr21
(open symbols) under basal conditions (B) or
during L-LTP (D).
(E) Summaryof mEPSCresults showing mean
mEPSC amplitudes (left) and coefficient of
variation (CV) of mEPSC amplitudes (right)
under basal conditions (control; n 5 13), after
treatment with Sp-cAMPS (Sp-cAMPS; n 5
17), and after treatment with Sp-cAMPS in
the presence of anisomycin (Sp-cAMPS 1
Aniso; n 5 3). Data also show mean mEPSC
amplitude in extracellular Sr21 from slices un-
der basal conditions (Control 1 Sr21; n 5 6)
and after exposure to Sp-cAMPS (Sp 1 Sr21;
n 5 6). Box plots as in Figure 3. In control
slices, mean mEPSC amplitude was 26.56 6
2.9 pA in Ca21-containing solution and
26.15 6 2.74 pA in Sr21-containing solution
(no significant difference; paired t test, p .
0.05; n 5 6). During L-LTP, the mean mEPSC
amplitude in potentiated slices was signifi-
cantly greater in Ca21-containing solution
(28.56 6 5.93 pA) than in Sr21-containing so-
lution (26.88 6 3.52; paired t test, p , 0.004;
n 5 6).
L-LTP May Reflect the Insertion of Both New least 50% of the non-NMDA receptors (Tong and Jahr,
1994; Tang et al., 1994; Silver et al., 1996). A secondActive Zones into Preexisting Presynaptic
Terminals and New Specializations possibility is that there is new growth of both presynaptic
terminals and postsynaptic specializations, leading tointo Postsynaptic Spines
The multiquantal release that we observe could arise an increase in the number of synapses. Finally, the find-
ing that the size of the mean mEPSC increases duringfrom one of three mechanisms. First, there could be an
increase in the number of vesicles released from a single L-LTP suggests a third possible mechanism, the inser-
tion into a preexisting presynaptic terminal of new activepreexisting active zone. Although there is strong evi-
dence that a single active zone releases only a single zones that can synchronously release transmitter. These
new release sites would presumably contact new post-vesicle (Korn et al., 1994), this condition may not hold
under all circumstances. However, to explain the fact synaptic sites on the CA1 neuron. We favor this latter
explanation over the conventional interpretation that anthat some EPSCs appear to be comprised of four (or
more) quanta during L-LTP, the postsynaptic receptors increase in mEPSC amplitude reflects a change in post-
synaptic sensitivity of the receptors for two reasons.would have to be far from saturated in response to a
single quantum of transmitter. Present estimates of re- First, we see no change in the quantal amplitude of the
evoked EPSC. Second, substitution of extracellular Sr21ceptor saturation vary among different synapses, al-
though it appears likely that under basal conditions, the for Ca21 is largely able to reverse the increase in mEPSC
size. However, since the mEPSCs arise from a diversetransmitter released from a single quantum occupies at
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by KOH). Series resistance ranged from 10±20 MV. Current waspopulation of presynaptic terminals, there may be an
filtered at 1 kHz and digitized at 2±5 kHz.increase in postsynaptic response from presynaptic ter-
For experiments in which unitary EPSCs were recorded, low inten-minals distinct from those that we stimulate during our
sity current pulses (25±100 mA; 50±100 ms duration) were applied
unitary CA3±CA1 EPSC recordings. through a fine-tipped (2 mm), concentric stimulating electrode con-
One attractive structural mechanism for the change sisting of a patch pipette that was coated with silver paint. The two
leads of the stimulus isolation unit (WPI, 1850A, Sarasota, FL) werein synaptic function we observe during late LTP is
connected to the inside of the pipette and the external silver coat.through the formation of perforated synapses. Geinis-
The stimulating pipette was pressed onto the CA3 cell body layerman et al. (1993) have observed an increased number
to elicit synaptic currents (Jonas et al., 1993; Bolshakov andof such synapses associated with plasticity, including
Siegelbaum, 1995). The CA1 neuron was voltage-clamped at 270
hippocampal LTP. At these synapses, a projection or mV using whole-cell patch electrodes (3±10 MV, no fire polishing)
spinule from the postsynaptic spine inserts into the pre- identical to those used above, except 130 mM Cs-gluconate was
used instead of 120 mM KCl. Series resistance ranged from 10±40synaptic bouton, splitting the active zone into discrete
MV, which was similar among the different populations of slicesregions. This mechanism could thus explain our results
examined. If series resistance changed during an experiment (asif each region can now function as a separate release
judged by a change in noise or rise time of the EPSC), the experimentsite with its own cluster of postsynaptic receptors.
was discarded. mEPSCs were recorded in the presense of 1 mM
Moreover, because the active zones would be close to tetrodotoxin and 100 mM picrotoxin and analyzed as described (Bol-
each other, this proximitycould allowfor theirsynchroni- shakov and Siegelbaum, 1994). The solution osmolarity was ele-
vated by addition of 200 mOsm sucrose to increase mEPSC fre-zation during spontaneous release. Definitive answers
quency. One hundred to five hundred events from each cell wereto these questions will likely require the detailed ultra-
collected.structural analysis of those synapses assayed during
Stimulation of a single CA3 neuron was first verified using severalunitary recordings of late LTP.
incremental stimulating current intensities (Raastad et al., 1992). If
the mean EPSC amplitude did not show a steep all-or-none thresh-
old as a function of current intensity, the recording was not used. InExistence of Two Phases May Help Account for
all cases where a sharp threshold was observed, increasing currentCertain Discrepancies in the Study of LTP
intensity 50%±100% above this threshold had no effect onthe EPSC,Recently, Edwards (1995) has proposed that much of
indicating the stimulation of a single presynaptic input. The EPSCs
the controversy as to the synaptic locus of LTP could were filtered at 1±2 kHz and digitized at 2.5±5 kHz. The EPSC ampli-
be due to variability in the rate and extent to which tudes were measured as the difference between the mean current
during a prestimulus baseline and the mean current over a 1±2 msdifferent phases of LTP are manifest. Our results are
window (5 ms in the case of NMDA unitary responses) at the peakconsistent with this possibility. Thus, although we find
of the response. Noise was measured by placing a window at thethat early LTP is purely presynaptic, the late phase of
baseline before the stimulus.LTP requires a coordinated presynaptic and postsynap-
Sp-cAMPS (50 mM), Rp-8-Br-cAMPS (100 mM), and anisomycin
tic change. Moreover, the late phase is associated with (20 mM) were added to the superfused solution in the field potential
an increase in mEPSC amplitude and an increase in the experiments. For whole-cell recordings, slices were pretreated in
an incubation chamber containing 50 mM Sp-cAMPS in extracellularsize of the successful EPSCs (potency). Such changes,
solution for 15 min and then transferred to a separate incubationby themselves, have been used to argue that LTP is
chamber containing extracellular solution for at least 2 hr. Cells werepostsynaptic. If, due to various experimental factors
studied 2±4 hr after the Sp-cAMPS treatment. The chemicals used(temperature, solutions, age of animals, stimulus proto-
were Sp-cAMPS, Na-salt, and Rp-8-Br-cAMPS, Na-salt obtained
col), the ªlateº phase were to become expressed at from Biolog, La Jolla, CA; picrotoxin, anisomycin, ATP Mg-salt, and
different times under different conditions, it could ex- GTP Na-salt were obtained from Sigma, St. Louis, MO.
plain why some groups routinely report postsynaptic
Data Analysisenhancements, whereas others see only presynaptic
Unbinned (smoothed) EPSC amplitude density estimates were con-components. Our study supports the view that quantal
structed using a Gaussian kernel whose SD was one-half that ofanalysis of unitary CA3±CA1 synaptic connections pro-
the baseline noise SD as described (Malinow, 1991). Binned EPSCvides a powerful means for addressing the mechanisms
histograms were fit by various distributions by a nonlinear maximum
of various forms of hippocampal synaptic plasticity. likelihood simplex routine. A single Gaussian function was first fit
to the baseline noise histogram to obtain the mean and SD of the
baseline noise peak. The EPSC amplitude histogram was fit by theExperimental Procedures
sum of j 1 1 Gaussian functions. The mean amplitude and SD of
one Gaussian function were constrained to be equal to the valuesElectrophysiological Recordings
obtained from the Gaussian fit to the baseline noise to describe theHippocampal slices (250±300 mm) were prepared from 2- to 3.5-
failures peak. The EPSC successes were simultaneously fit by theweek-old Sprague-Dawley rats with a vibrotome and continuously
sum of j Gaussian functions of the form:superfused in solution containing (in mM): 119 NaCl, 2.5 KCl, 2.5
CaCl2, 1.0 MgSO4, 1.0 NaH2PO4, 26.2 NaHCO3, 10 glucose, and 100
picrotoxin and equilibrated with 95% O2 and 5% CO2 (pH 7.3±7.4) o
j
h51
ah
sh √2p e
2(xi2mh)2/2s2
hat 208C±238C. Field potentials from the CA1 stratum radiatum region
were recorded with an extracellular recording electrode (z3 MV)
filled with extracellular solution. To elicit field EPSPs, afferent fibers where ah is the area under the hth Gaussian component, mh is the
in the stratum radiatum were stimulated every 30 s with bipolar mean amplitude, and xi is the amplitude of the ith EPSC. s2h was
tungsten electrodes (no picrotoxin was added). calculated assuming a constant quantal variance that increased
Whole-cell recordings of compound and unitary EPSCs were ob- linearly with the number of quanta per peak and is given by:
tained from CA1 pyramidal cells (Blanton et al., 1989). Compound
EPSCs were evoked by field stimulation of Schaffer collaterals; stim- s2h 5 s
2
n 1 h ´ s2q
ulus intensity was adjusted to evoke a 250 pA EPSC. The patch
electrode contained (in mM): 120 KCl, 5 NaCl, 1 MgCl2, 1.1 EGTA, where s2n is the baseline noise variance and s2q isthe quantal variance.
The mean amplitude, mh, and the area undereach Gaussian function,0.4 CaCl2, 10 HEPES, 2 MgATP, and 0.1 NaGTP (adjusted to pH 7.2
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ah, fit to the successes were unconstrained. In other cases we fit This research was supported by MH50733 (E. R. K. and S. A. S.)
and HHMI.the successes by one of three unimodal, skewed distributions that
have been previously used to describe central synaptic responses
(Redman, 1990; Bekkers et al., 1990; Stricker et al., 1994). These Received May 5, 1997; revised August 4, 1997.
include (1) a gamma distribution:
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